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Abstract 

Immunoglobulin A nephropathy (IgAN) is a form of chronic glomerulonephritis characterized by the deposition of IgA 
immune complexes in the glomerular region. The cause of IgAN is unknown, but multiple mechanisms have been 
suggested. We previously reported a rare case of mesangioproliferative glomerulonephritis in a patient with monoclonal 
immunoglobulin deposition disease associated with monoclonal IgAI. In this study, we performed the detailed analyses of 
serum IgAI from this patient in comparison with those from patients with mlgA plasma cell disorder without renal 
involvement and healthy volunteers. We found unusual polymerization of IgAI with additional A/-glycosylation distinctive in 
this patient, which was different from known etiologies. Glycan profiling of IgAI by the lectin microarray revealed an intense 
signal for Wisteria floribunda agglutinin (WFA). This signal was reduced by disrupting the native conformation of IgAI, 
suggesting that the distinct glycan profile was reflecting the conformational alteration of IgAI, including the glycan 
conformation detected as additional A/-glycans on both the heavy and light chains. This unusually polymerized state of IgAI 
would cause an increase of the binding avidity for lectins. WFA specifically recognized highly polymerized and glycosylated 
IgAI. Our results of analysis in the rare case of a patient with monoclonal immunoglobulin deposition disease suggest that 
the formation of unusually polymerized IgAI is caused by divergent mechanisms including multiple structural alterations of 
glycans, which contributes to IgAI deposition and mesangium proliferation. 
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Introduction 

Glycosylation of IgA plays a crucial role in its conformational 
stability and biological activity, and often contributes to disease 
pathogenesis. Abnormalities of IgAI glycosylation are implicated 
in several diseases including IgA nephropathy (IgAN) [1—3]. IgAN 
is the most common primary glomerulonephritis involving 
selective mesangial deposition of IgAI -containing immune com- 
plexes [4,5]. Many studies have focused on the O-glycan structures 
of IgA, and aberrant galactosylation has been detected in the 
serum of IgAN patients by lectin ELISA or detecting autoanti- 
bodies against exposed jV-acetylgalactosamine (GalNAc) residues 
in the O-glycan of IgAI [4-7]. Although aberrant O-glycosylation 
of serum IgA 1 in IgAN has been studied using various lectins that 
bind to GalNAc residues, few studies have attempted to purify or 
enrich these abnormal IgAI molecules. Moreover, involvement of 
these glycan alterations in IgAN pathogenesis is unclear, and 
whether such aberrant IgA 1 is accumulated in the mesangium has 
not been elucidated yet. 

We previously reported a rare case of monoclonal immuno- 
globulin deposition disease associated with monoclonal IgA 



(mlgA-MIDD) [8]. MIDD is a severe complication of immuno- 
proliferative disorders characterized by monoclonal expansion of 
the plasma cell population of particular B cells. Interestingly, the 
pathological findings in this case included proliferative glomeru- 
lonephritis with mlgA deposition predominantly in the mesangi- 
um. We conducted a mass spectrometry-based analysis to identify 
and compare the glycan structures of serum IgAI in this patient, 
disease control patients with monoclonal IgA plasma cell disorder 
(MPCD) accompanied by multiple myeloma and monoclonal 
gammopathy of undetermined significance without renal involve- 
ment, and healthy volunteers (HV). We observed a slight increase 
of IgAI with core fucosylation and sialylation of jV-glycans in 
mlgA-MIDD and similar O-glycan profiles among the subjects. 
However, we could not find evidence for the alterations of these N- 
glycans that caused mesangial IgAI deposition, because core 
fucosylation and sialylation of jV-glycans are often found in normal 
IgAI. This was probably because we had focused on the primary 
structures of glycan monomers. However, the secondary structure 
including the number and position of glycosylations is also 
important for carbohydrate-protein interactions [9,10]. There- 
fore, the secondary and tertiary structures should be investigated 
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Figure 1. Differential glycan profiles of purified IgAI. IgAI purified from sera of three HVs, two MPCD patients, and one mlgA-MIDD patient 
was subjected to lectin microarray. IgAI -binding signals on the lectin microarray were detected with a biotinylated anti-lgA1 mAb. The relative 
intensity of each lectin was normalized to the maximum fluorescence intensity. mlgA-MIDD, monoclonal immunoglobulin deposition disease 
associated with monoclonal IgA; MPCD, monoclonal IgA plasma cell disorder; HV, healthy volunteers. 
doi:10.1371/journal.pone.0091079.g001 



by approaches without the release of glycans from glycoproteins. 
IgAI is often expressed as multimers such as dimeric or highly 
polymeric forms [11], emphasizing the importance of analyzing 
the native properties including conformational and polymerization 
characteristics. 

In this study, we identified distinctive characteristics in the 
native conformation of IgAI, and detected unusual polymerization 
of IgAI in mlgA-MIDD only, which we believed to have caused 
the IgAI deposition and mesangium proliferation in this patient. 

Materials and Methods 

Serum samples 

Serum samples were collected from three HVs and two MPCD 
patients and one mlgA-MIDD patient [8] after obtaining written 
informed consent. All experiments involving human samples were 
approved by the ethics committees of the University of Tsukuba 
and AIST, and were conducted in accordance with the 
Declaration of Helsinki. 

Purification of IgAI 

Serum albumin was removed by pretreatment with Cibacron 
Blue 3GA Agarose (Sigma, St. Louis, MO). A prepacked Cibacron 
Blue column (1 mL) was washed with a mixture of 1 M NaCl and 
0.1 M borate (10 mL, pH 9.8) followed by 10 mL distilled water, 
and then equilibrated with 10 mil Tris-HCl (10 mL, pH 7.4). 
The flow-through fraction and wash were collected and combined 
as the IgA 1 fraction, and then purified by affinity chromatography 
using an anti-human IgAI monoclonal antibody (anti-IgAl mAb 
7303B, Institute of Immunology, Tokyo, Japan) coupled to 
cyanogen bromide-activated Sepharose 4FF (1 mg IgG/mL gel; 
Buckinghamshire, UK). The fraction was loaded onto the anti- 
IgAl mAb-coupled Sepharose 4B column (2 mL; GE Healthcare) 
and washed with 20 mL PBS. The bound IgAI was eluted with 



0.1 M glycine (pH 2.5) and immediately neutralized with 1 M 
Tris-HCl (pH 8.0). The remaining IgG was removed by mixing 
the eluate with a protein G bead suspension (Thermo Fisher 
Scientific, Waltham, MA) and incubating at 4°C overnight. The 
supernatant was collected, dialyzed against 10 mM ammonium 
bicarbonate, and then lyophilized. 

SDS-PAGE and western blot analysis 

Purified IgAI was isolated by 10% SDS-PAGE under reducing 
or nonreducing conditions and then transferred to a PVDF 
membrane (GE Healthcare). The membrane was blocked with 3% 
BSA in PBS containing 0.1% Tween 20 (PBS-T), followed by 
incubation with the anti-IgAl mAb (1:1000) and a peroxidase- 
conjugated anti-mouse IgG (1:5000, GE Healthcare). For lectin 
blot analysis, HRP-conjugated WFA (1:1000) or jack bean lectin 
concanavalin A (ConA, 1:4000) were used. Cross-reacting bands 
were detected using Konica immunostaining kit (Konica, Tokyo, 
Japan) for anti-IgAl mAb and ConA and Western Lightning 
Chemiluminesce nee Plus (Perkin-Elmer, Boston, MA) for WFA. 

Antibody-overlay lectin microarray 

Antibody-overlay lectin microarray was performed as described 
previously [12,13]. Purified IgAI was diluted to 80 uL with PBS 
containing 0.1% Triton X-100 (PBS-Tx) and applied to the lectin 
microarray. After incubation at 20°C for 18 h, 1 ug human serum 
polyclonal IgG was added to the array followed by 1 h of 
incubation. The reaction solution was discarded, and the array 
was washed with PBS-Tx. A biotinylated anti-IgAl mAb (400 ng) 
diluted in 80 uL PBS-Tx was applied to the array followed by 
incubation at 20°C for 1 h. The array was washed with PBS-Tx 
and then incubated at 20°C for 30 min with 400 ng Cy3-labeled 
streptavidin (GE Healthcare) diluted in 80 uL PBS-Tx. The array 
was rinsed with PBS-Tx and scanned by an evanescent-field 
fluorescence scanner (GlycoStation; Moritex, Tokyo, Japan). All 
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Figure 2. Differential glycan profiles of purified IgAI after trypsin digestion. IgAI purified from sera of three HVs, two MPCD patients, and 
one mlgA-MIDD patient was incubated with trypsin. Each tryptic digest was labeled with Cy3-SE and subjected to the lectin microarray. The relative 
intensities of lectins were normalized to the maximum fluorescence intensity. 
doi:1 0.1 371 /journal.pone.0091 079.g002 



data were analyzed with Array Pro analyzer (ver. 4.5). The net 
intensity was calculated by subtracting the mean background value 
from the mean signal intensity of three spots per lectin. The 
obtained signal intensities are available as Table SI, S2,S3 as well 
as at figshare.com (10.6084/m9.figshare.894402). 

Tryptic digestion of IgAI 

Purified IgAI (500 |Ug) was reduced at 37°C in the presence of 
0.1 M Tris-HCl (pH 7.4) and 10 mM DTT, followed by 
alkylation with 50 mM iodoacetamide at room temperature for 
90 min in the dark. The alkylated sample was then dialyzed 
against 50 mM ammonium bicarbonate (2.5 L, pH 8.5) three 
times at 4°C for 48 h. The sample (100 u,g) was incubated with 
trypsin (1 ug, Wako Pure Chemical Industries, Osaka, Japan) at 
37°C for 18 h. To desalt the tryptic peptides, the sample was 
applied to a reverse-phase column (Oasis HLB cartridge, 10 mg/ 
mL; Waters, Milford, MA) preconditioned with methanol (3 mL) 
and distilled water (3 mL). The column was washed with distilled 
water (3 mL), and the tryptic peptides were eluted with 1 mL of 
80% acetonitrile and then lyophilized. 

Lectin microarray analysis of tryptic peptides 

Tryptic peptides (1 ug) were labeled with Cy3-succinimidyl ester 
(10 ug, GE Healthcare) at room temperature for 1 h in the dark. 
To block the functional groups of the fluorescent reagent, a probe 
buffer (500 mM glycine in TBS containing 1 % Triton X- 1 00) was 
added to the labeled peptides followed by incubation for 2 h at 
room temperature in the dark. The Cy3-labeled glycopeptide 
solution (80 uL, 1 0 ug/ mL) was applied to the lectin microarray. 
The array was incubated at 20°C for 12 h, washed with the probe 
buffer, and then scanned by the GlycoStation. 



Sequential exoglycosidase treatment of IgAI 

Purified IgAI (5 ug) was digested sequentially with exoglycosi- 
dases at 37°C under the following conditions: neuraminidase from 
Arthrobacter ureafaciens (Nacalai Tesque, Kyoto, Japan), 5 mU in 
25 uL of 80 mM sodium acetate buffer (pH 5.0) for 18 h; (3- 
galactosidase from bovine testes (Sigma), 2.2 mU in 5 u\L of 
80 mM sodium acetate buffer (pH 5.0) overnight; (31,4-galactosi- 
dase from Streptococcus pneumoniae (Calbiochem, La Jolla, CA), 
3 mU in 5 uL of 80 mM sodium acetate buffer (pH 5.0) 
overnight. 

ELISA using various lectins 

ELISA plates (MaxiSorp 96-well immunoplates; Thermo Fisher 
Scientific) were coated with the F(ab') 2 fragment of 5 u,g/mL goat 
anti-human serum IgA (50 uL/well, Jackson ImmunoResearch 
Labs, West Grove, PA) in PBS and then incubated at room 
temperature for 1 h. The plates were then blocked with 1 % BSA 
in PBS and incubated with 50 uL deglycosylated IgAI (5 ug/mL) 
at 4°C overnight. Subsequently, the plates were washed with PBS- 
T and incubated with each biotinylated lectin: Helix pomatia 
agglutinin (HPA, 5 ug/mL; EY Laboratories, San Mateo, CA), 
Vicia villosa agglutinin (WA, 5 Ug/mL; Vector Laboratories), 
peanut agglutinin (PNA, 2 ug/mL; Vector Laboratories, Burlin- 
game, CA), and WFA (5 Ug/mL; Vector Laboratories) at room 
temperature for 2 h. After washing, the plates were incubated with 
HRP-conjugated streptavidin at room temperature for 1 h. A 
3,3',5,5'-tetramethylbenzidine substrate solution (50 uL/well, 
Thermo Fisher Scientific) was added to the plates followed by 
incubation at room temperature until signal development. The 
reaction was stopped with 2 M sulfuric acid (50 uL), and the 
optical density was measured at 450 nm with a Wallac 1420 
ARVO SX Multilabel Counter (Perkin Elmer). 
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De-N-glycosylation of purified IgAI by peptide 
N-glycosidase F 

Purified IgAI (4 ug) was pretreated with 0.5% SDS and 0.2 M 
2-mercaptoethanol (2-ME) at 98°C for 5 min and then incubated 
with peptide jV-glycosidase F (PNGase F, Takara Bio, Shiga, 
Japan) in the presence of 1% Nonidet P-40 (Sigma). For each 
partial digestion, pretreated IgAI (2.5 |Xg) was treated with 
0.1 mU PNGase F in PBS (pH 8.1) at 37°C. Complete de-jV- 
glycosylation was performed with 1 mU PNGase F at 37°C 
overnight. 

SDS-agarose gel electrophoresis 

Analysis was performed as described previously [12]. Purified 
IgA (5 |J,g) was electrophoresed in TBS buffer at 100 V for 40 min 
under nonreducing conditions and then transferred to a PVDF 
membrane. The membrane was blocked with 3% BSA in PBS-T 
and then incubated with peroxidase-conjugated anti-human IgAI 
(1:5000; Dako North America, Carpinteria, CA). After washing, 
cross-reacting bands were detected using Western Blue detection 
reagent (Promega, Madison, WI). 

Results 

Comparative glycoprofiling of whole IgAI molecules 
using a lectin microarray 

We compared the glycan profiles of serum IgAI collected from 
the mlgA-MIDD patient, two MPCD patients, and three HVs. 
IgAI was enriched from individual serum by affinity column 
chromatography with an anti-IgAl monoclonal antibody and 
subjected to SDS-PAGE, Western blotting, and the antibody- 
overlay lectin microarray with an anti-IgAl mAb detection system. 
Compared with HVs and MPCDs, the heavy chain of IgAI from 
mlgA-MIDD had a slightly increased molecular weight (Figure 
SI). Signal alterations in some O-glycan binders and differences in 
the signal patterns of several jV-glycan binders, such as Hippeastrum 
hybrid lectin (HHL), Galanthus nivalis agglutinin (GNA), and 
Phaseolus vulgaris leucoagglutinin (PHA-L) [13], were observed in 
mlgA-MIDD (Figure 1). A significant difference in the signal of 
Wisteria floribunda agglutinin (WFA) was also observed in mlgA- 
MIDD, which may not have been caused solely by O-glycans [14]. 

Comparative glycoprofiling of trypsin-digested IgAI 

Tryptic digests of serum IgAI contain one O-glycopeptide and 
two jV-glycopeptides, each carrying five O-glycans and one JV- 
glycan, respectively [15,16]. Trypsin digestion exposes O-glycans, 
and thus the resultant profiles of samples should be limited mosdy 
to O-glycan structures. We performed lectin microarray analysis of 
IgAI -derived tryptic glycopeptides using a direct fluorescence 
labeling method [13,17]. As shown in Figure 2, in mlgA-MIDD, 
the lectin signals that prefer O-glycans (e.g., Agarkus bisporus 
agglutinin [ABA] , Jacalin, PNA, and Amaranthus caudatus agglutinin 
[AC A]) were not largely affected, whereas the trend of signals 
became comparable to those of HVs and MPCDs. Interestingly, 
the strong WFA signal in whole IgAI from mlgA-MIDD was 
diminished by tryptic digestion, but the reactivity of other 0- 
glycan binders was similar among the subjects. These results 
indicated that the signal enhancement of WFA observed in IgAI of 
mlgA-MIDD was based on the interactions of jV-glycans but not 
O-glycans. 

To confirm the binding preference of WFA to jV-glycans, IgAI 
was de-jV-glycosylated by PNGase F. As shown in Figure 3, signals 
of all jV-glycan binders were diminished after digestion, while the 
O-glycan binders still showed equal or much stronger binding than 



those without treatment. The WFA signal was also reduced by de- 
jV-glycosylation, indicating that the enhanced WFA binding in 
whole IgAI was associated with the change of JV-glycans. 

WFA binds to IgAI macromolecules 

Lectin microarray and lectin blot analyses of IgAI were 
performed under reducing (with 2-mercaptoethanol treatment, 
2-ME(+)) and nonreducing (2-ME(-)) conditions (Figure 4). IgAI 
was detected using the anti-IgAl mAb which binds to IgAI in any 
conformational state, and ConA, which binds to all jV-glycans of 
IgAI in any conformational state. The WFA signal was decreased 
in samples not treated with PNGase F but denatured by 2-ME 
(Figure 4C). This means there was less IgAI bound to WFA under 
reducing conditions, and such binding seemed to occur only at the 
loading pocket of the blot, suggesting aggregation and unusually 
polymerized state of IgAI, under nonreducing conditions. These 
results suggest that glycans on intact IgAI are essential for WFA 
binding, and that WFA preferentially binds to polymerized IgAI 
macromolecules . 

Sandwich lectin ELISA analysis of sequentially 
deglycosylated IgAI 

WFA preferably binds to GalNAc residues [18], thus the IgAI 
of mlgA-MIDD was speculated to contain MJ^ -diacetyllactosa- 
mine (GalNAc (5 l,4GlcNAc, LacdiNAc) in its jV-glycans. Although 
the enhanced WFA signal was observed in the lectin microarray, 
such WFA ligands were undetectable in our previous MS-based 
structural analysis [8]. Taken together, these results suggest that 
WFA binds to a different glycan epitope from those reported 
previously. 

The binding specificities of WFA and other O-glycan binders 
were compared by a lectin ELISA on sequentially deglycosylated 
IgAI against HPA, WA, PNA, and WFA. HPA and WA bind 
preferentially to the Tn antigen and terminal GalNAc residues. As 
expected, the highest binding avidity was observed for HPA and 
WA upon sequential digestion with neuraminidase and P- 
galactosidase, in which the GalNAc residues attached on an 0- 
glycan in the hinge region of IgAI were exposed (Figure 5 A and 
B). This O-glycan possesses a Tn antigen, a core-1 structure 
(Gaipi-3GalNAcocl-Thr/Ser). Thus, it was not exposed by pT,4- 
galactosidase treatment. PNA specifically recognized Gaipi,3- 
GalNAc residues (T antigen) and bound strongly to neuramini- 
dase-treated IgAI with exposed pi,3-Gal residues (Figure 5C). For 
WFA, the binding avidity was increased by neuraminidase 
treatment. Interestingly, WFA binding to neuraminidase-treated 
IgAI was reduced markedly by sequential treatment with Pl,4- 
galactosidase (Figure 5D). These results strongly suggest that WFA 
binds to an unknown epitope of jV-glycans containing the LacNAc 
unit (Gaipi-4GlcNAc-R). 

Additional N-glycosylation on heavy and light chains of 
mlgA-MIDD 

Multivalency of glycosylation is the most important factor for 
carbohydrate-protein interactions. Our results also indicated that 
the multivalent lectin-carbohydrate interaction contributes to 
WFA binding to IgAI in mlgA-MIDD. There are several ways for 
multivalent glycans to undergo more lectin-carbohydrate interac- 
tions. First, alterations of glycan structures, such as increasing the 
multiantennary glycan structures, can enhance the binding avidity 
for lectins. Second, an increase in the number of glycosylation sites 
leads to high avidity in the multiple interactions, as observed in 
clustered mucin O-glycosylation. Third, in macromolecules and 
polymerized glycoproteins, clustered glycans are often present 
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Figure 3. Differential glycan profiles of PNGase F-treated IgAI of mlgA-MIDD. IgAI purified from mlgA-MIDD serum was incubated with 
(left) or without (right) PNGase F. After digestion, the reaction mixture was labeled with Cy3-SE and subjected to the lectin microarray. The relative 
intensity of each lectin was normalized to the maximum fluorescence intensity. PNGase F, peptide N-glycosidase F. 
doi:1 0.1 371 /journal.pone.0091 079.g003 
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Figure 4. Lectin blot analysis of IgAI purified from mlgA-MIDD serum under reducing and non-reducing conditions. IgAI purified 
from mlgA-MIDD serum was pretreated in SDS buffer with or without 2-ME, separated by SDS-PAGE under non-reducing (lane 1) or reducing (lane 2) 
conditions, and then subjected to western blotting with an anti-lgA1 mAb (A), ConA (B), and WFA (C). Cross-reacting bands were detected using 
Konica immunostaining kit (Konica, Tokyo, Japan) for anti-lgA1 mAb and ConA and Western Lightning Chemiluminescence Plus (Perkin-Elmer, 
Boston, MA) for WFA. 2-ME, 2-mercaptoethanol; ConA, jack bean lectin concanavalin A; WFA, Wisteria floribunda agglutinin. 
doi:1 0.1 371 /journal.pone.0091 079.g004 
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depending on the conformational properties, which enhance 
lectin-carbohydrate interactions. 

We investigated the number of jV-glycans attached to IgAl of 
mlgA-MIDD. Purified IgAl was digested partially or completely 
with PNGase F and then separated by SDS-PAGE. Before 
PNGase F treatment, the heavy and light chains of IgA 1 purified 
from mlgA-MIDD and MPCD patients showed 65 and 30 kDa 
bands (Figure 6, lane 1), and 60 and 25 kDa bands (lane 7), 
respectively. Partial PNGase F digestion of IgAl from mlgA- 
MIDD and MPCD patients showed four bands (lane 4) and three 
bands (lane 9), respectively. Complete PNGase F digestion of IgAl 
caused the bands to converge into single bands (lanes 6 and 1 1). 
These results indicate that IgAl of MPCD possesses two jV-glycans 
in the heavy chain, which is consistent with normal IgAl having 
two JV-glycans in the constant region [16]. In contrast, IgAl of 
mlgA-MIDD possesses a third jV-glycan in addition to the same 
two jV-glycans found in MPCD and normal IgAl. Moreover, 
similar to normal IgAl, the band with the higher molecular mass 
of the light chain in IgAl of mlgA-MIDD was shifted after 
complete digestion (lanes 1 and 6), indicating that the light chain 
also possesses an jV-glycan. These results suggest that IgAl of 
mlgA-MIDD possesses an aberrant jV-glycan on both heavy and 
light chains, resulting in eight jV-glycans in monomeric IgA 1 ; three 
on the heavy chain and one on the light chain. This high JV- 
glycosylation may result in a remarkably aberrant conformation of 
IgAl. 

Formation of a high molecular complex of lgA1 in mlgA- 
MIDD 

Human serum IgAl has a distinct polymerization state 
including monomeric, dimeric, and highly polymeric forms, and 
most serum IgAl exists normally in the monomeric form (90-95% 
of total serum IgAl) [11]. 

To investigate the polymerization state of whole IgAl in 
mlgA-MIDD, SDS-PAGE was performed under reducing and 
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nonreducing conditions (Figure S2). In the denatured state, IgAl 
of mlgA-MIDD had a similar molecular mass compared with that 
of IgAl from MPCD patients and HVs, although an increase in 
the number of jV-glycans resulted in slower migration of the heavy 
chain (Figure 4, Figure S2). Because a strong band with a high 
molecular mass was found in the denaturing SDS-PAGE without 
2-ME treatment in mlgA-MIDD, we performed SDS-agarose gel 
electrophoresis under nonreducing conditions. As shown in 
Figure 7, IgAl of MPCD patients and HVs appeared mainly in 
the monomeric form based on its molecular mass, whereas IgAl of 
mlgA-MIDD appeared predominantly in the high molecular mass 
form, i.e., the unusually polymerized form (Figure 7, lane 3). Thus, 
the unusually polymerized IgAl was detected only by SDS-agarose 
gel electrophoresis under nonreducing conditions, suggesting that 
the avidity of WFA for jV-glycans was increased markedly by the 
clustered jV-glycans on polymerized IgAl in mlgA-MIDD. 

Discussion 

To explore the distinctive glycans of monoclonal IgA 1 in mlgA- 
MIDD different from the IgAl of MPCD patients and HVs, we 
used a lectin microarray to focus on comparative glycan profiling 
and the structural characteristics of the native conformation of 
IgAl. Lectin microarrays detect interactions between lectins and 
glycans. The specificity and avidity of lectin-carbohydrate 
interactions are influenced by many factors such as structures, 
orientations, and density of ligands. Formation of a multivalent 
glycan complex can substantially affect the overall avidity of the 
interactions and selectivity of recognition [10,19,20]. In this 
context, a lectin microarray is a useful glycoanalytical tool that can 
also detect multivalency effects. 

In this study, we identified unusual binding of WFA to the 
terminal (31,4-linked galactose residues, but not the LacdiNAc 
residue, on jV-glycans (Figure 5). Such binding seemed to be 
involved only in unusually polymerized IgAl and not the 
monomeric, dimeric, or denatured forms of IgAl (Figure 4). 
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Figure 5. Sandwich lectin ELISA of sequential deglycosylated lgA1 in mlgA-MIDD. IgAl purified from mlgA-MIDD serum was digested with 
neuraminidase, and then fi-galactosidase or p1,4-galactosidase. Digested and undigested samples were subjected to a sandwich lectin ELISA with 
HPA (A), VVA (B), PNA (C), and WFA (D) as described in the Methods. The relative intensity of each lectin was normalized to the lgA1 concentration. 
HPA, Helix pomatia agglutinin; VVA, Vicia villosa lectin; PNA, peanut agglutinin. 
doi:10.1371/journal.pone.0091079.g005 
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Figure 6. Time course of PNGase F treatment of IgAI. Ig A1 purified from the sera of the mlgA-MIDD patient (A) and an MPCD patient (B) was 
digested partially with PNGase F for the indicated times (lanes 1-5, 7-10). Complete digestion of N-glycans was performed by incubation with 
PNGase F for 120 min (lanes 6, 11). Arrowheads indicate the position of PNGase F. 
doi:10.1371/journal.pone.0091079.g006 
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Figure 7. SDS-agarose gel electrophoresis of purified IgAI. IgAI 
purified from sera of two HV, two MPCD patients, and an mlgA-MIDD 
patient was incubated in SDS buffer and then subjected to agarose gel 
electrophoresis analysis. 
doi:1 0.1 371 /journal.pone.0091 079.g007 



Thus, it is reasonable to assume that the binding ability to weak 
ligands of WFA, as that of pi,4-linked galactose, was increased to 
induce lectin-carbohydrate interactions by multivalency effects. 

The alterations in glycan multivalency and the physical 
properties of IgAI were found only by the glycoprotein assay in 
combination with heat, tryptic digestion, and PNGase F pretreat- 
ment, which disrupted the native conformation of IgAI. The 
glycoprotein analysis based on the lectinology, including the lectin 
microarray and lectin-based immunoassay, can be applied 
efficiently to glycosylation profiling without releasing glycans. 
Thus, the profiling data of lectin analyses significandy reflect the 
physical properties of glycoproteins. Lectin analyses with several 
pretreatment approaches are useful to identify glycoalterations 
involving the physical properties and structures of glycoproteins. 

Glycosylation has a profound effect on the tertiary structure of 
glycoproteins. Several reports have shown that O-glycosylation of 
serine or threonine significantly affects the peptide backbone 
conformation [15,21,22]. Similarly, jV-glycosylation also influences 
protein structures [23-25] and decreases the conformational 
mobility of the peptide backbone at glycosylation sites [26-28]. 
Several in vitro studies showed that attempts to add jV-glycans 
result in unpredictable thermodynamic consequences and desta- 
bilization [29-31]. Another study showed that mutant human 
IgAI lacking jV-glycosylation sites tends to form large polymers 
[32]. Although there might be a possibility of aggregation or 
polymerization attributable to the purification process, our results 
indicated that IgAI from mlgA-MIDD tends to aggregate more 
easily than those of HVs or MPCDs. Addition of an jV-glycan 
might affect the overall tertiary structure or surface properties of 
the protein. These changes are attributable to the increase or 
decrease caused by one 7V-glycosylation. Additional aberrant jV- 
glycosylation is found frequently in variable regions of the Ig light 
chain and in about 1 5 % of the circulating light chain-containing 
jV-glycosylation in multiple myeloma patients [33-35]. Although 
unusually polymerized states are less common among these 
aberrantly jV-glycosylated Igs, several studies show that an 
additional jV-glycosylation site on the light chain results in tissue 
deposition of the monoclonal light chains and insoluble fibrilliza- 
tion in patients with primary amyloidosis and light chain 
deposition disease [36,37]. Normal IgAI possesses two 



PLOS ONE | www.plosone.org 



7 



March 2014 | Volume 9 | Issue 3 | e91079 



Aberrant N-Glycosylation on Serum lgA1 in IgAN 



jV-glycosylation sites on its Fc region of the heavy chain [16,38,39]. 
In mlgA-MIDD, we identified an additional jV-glycosylation site 
on each of the heavy and light chains. The additional aberrant jV- 
glycosylation may influence the conformation and overall stability 
of the protein structure, leading to polymerized IgAl with a high 
molecular mass. 

Unusual polymeric IgAl with aberrant A-glycosylation has not 
been reported in a patient with renal involvement. Selective IgAl 
deposition in the renal glomerular mesangium is a typical 
characteristic of IgAN. Polymeric IgAl plays a critical role in 
mesangial deposition and proliferation [40,41]. Unusually poly- 
merized IgAl may explain IgAl deposition in the glomerular 
mesangium in mlgA-MIDD. Although the importance of poly- 
merization is generally accepted, opinions vary regarding the 
polymerization mechanisms in IgAN. There are several reports on 
the induction of polymeric IgA 1 . Some studies showed that the 
alteration of O-glycan structures results in the autoimmune 
reaction (formation of immune complexes) in the serum from 
IgAN patients. [4— 6], In our study, we could not confirm the 
presence of immune complex from our experiments. Further 
studies are required to elucidate the mechanism of the unusual 
polymeric IgAl formation. There have been only a few studies on 
aberrant jV-glycosylation in human IgAN [42,43], but alteration of 
jV-glycan structures has been reported in mouse IgAN that 
spontaneously develops glomerulonephritis resembling human 
IgAN with high serum IgA levels and an increase of polymeric 
IgA [44]. Taken together, our findings suggest that the aberrant 
additional jV-glycosylation of IgAl also participates in polymeri- 
zation of IgAl in human IgAN. IgAl deposition and mesangial 
proliferation may be caused by divergent pathogenic mechanisms 
involving changes of both 0- and jV-glycosylation. 

We conclude that aberrant additional jV-glycosylation on both 
light and heavy chains induces conformational changes of IgA 1 , 
resulting in polymerization and glomerular deposition in this rare 
case of the mlgA-MIDD patient. Further studies are needed to 
identify the peptide sequence of the additional two jV-glycosylation 
sites and the detailed polymerization mechanism. Qualitative and 
quantitative analyses of aberrant IgAl might allow detection of 
unusual polymeric IgAl in the serum from IgAN patients. 
Detection of unusually polymerized IgAl may contribute to 

References 

1. Allen AC, Bailey EM, BarrattJ, Buck KS, FcchallyJ (1999) Analysis of IgAl O- 
glycans in IgA nephropathy by lluorophore-assisted carbohydrate electropho- 
resis. J Am Soc Nephrol 10: 1763-1771. 

2. Andre PM, Le Pogamp P, Chevet D (1990) Impairment of jacalin binding to 
scrum IgA in IgA nephropathy. J Clin Lab Anal 4: 115-119. doi: 10. 1002/ 
jela. 1860040208. 

3. McsteckyJ, Tomana M, Crowley-Nowick PA, Moldovcanu Z, Julian BA, et al. 
(1993) Defective galactosylation and clearance of IgAl molecules as a possible 
etiopathogenic factor in IgA nephropathy. Contrib Nephrol 104: 172-182. 

4. Allen AC, Bailey EM, Brenchlcy PE, Buck KS, BarrattJ, ct al. (2001) Mesangial 
IgAl in IgA nephropathy exhibits aberrant O-glycosylation: observations in 
three patients. Kidney Int 60: 969-973. doi: 10. 1 046/j. 1523-1 755.200 1 . 
060003969.x. 

5. Tomana M, Novak J, Julian BA, Matousovic K, Konecny K, et al. (1999) 
Circulating immune complexes in IgA nephropathy consist of IgAl with 
galactosc-dcficicnt hinge region and antiglycan antibodies. J Clin Invest 104: 73— 
81. doi:10.1172/JCI5535. 

6. Suzuki H, Fan R, Zhang Z, Brown R, Hall S, et al. (2009) Aberrantly 
glycosylated IgAl in IgA nephropathy patients is recognized by IgC antibodies 
with restricted heterogeneity. J Clin Invest 119: 1668-1677. doi: 10. 1 1 72/ 
JCI38468. 

7. Moldovcanu Z, Wyatt RJ, Lee JY, Tomana M, Julian BA, ct al. (2007) Patients 
with IgA nephropathy have increased serum galactosc-dcficicnt IgAl levels. 
Kidney Int 71: 1148-1154. doi:10.1038/sj.ki.5002185. 

8. Kancko S, Usui J, Narimatsu Y, Ito H, Narimatsu H, ct al. (2010) Renal 
involvement of monoclonal immunoglobulin deposition disease associated with 
an unusual monoclonal immunoglobulin A glycan profile. Clin Exp Nephrol 14: 
389-395. doi: 10. 1 007/s 1 0 1 57-0 1 0-0285-0. 



elucidating the pathogenesis of renal involvement in MIDD and 
IgAN. 

Supporting Information 

Figure SI SDS-agarose gel electrophoresis of purified 
IgAl. IgAl purified from serum of HV, MPCD, and mlgA- 
MIDD was subjected to SDS-PAGE, and then to silver staining (A) 
and Western blotting with anti-IgAl mAb (B). Due to the 
characteristics of plasma cell disorders, B cell monoclonal 
expansion, the heavy and light chains of MPCDs and mlgA- 
MIDD show sharp bands with individual variety of the molecular 
weight of the light chain. 
(TIF) 

Figure S2 SDS-polyacrylamide gel electrophoresis of 
purified IgAl. IgAl purified from HV, MPCD, and mlgA- 
MIDD was boiled in SDS buffer with (A) or without (B) 2-ME and 
subjected to SDS-PAGE. 
(TIF) 

Table SI Lectin array signal intensities for purified 
IgAl (Individual data). 

(XLSX) 

Table S2 Lectin array signal intensities for purified 
IgAl after trypsin digestion (Individual data). 

(XLSX) 

Table S3 Lectin array signals for PNGase F-treated 
IgAl of mlgA-MIDD. 

(XLSX) 

Acknowledgments 

We thank C. Nonomura and A. Takahashi of AIST for their assistance. 

Author Contributions 

Conceived and designed the experiments: YN HN. Performed the 
experiments: YN AK HI HK. Analyzed the data: YN AK HI HK HN. 
Contributed reagents/materials/analysis tools: SK JU KY. Wrote the 
paper: YN AK HN. 



9. Lee RT, Lee YC (2001) Affinity enhancement by multivalent lectin- 
carbohydrate interaction. Glycoconj J 17: 543-551. 

10. Wu AM (2004) Polyvalcncy of Tn (Ga]NAcalphal->Scr/Thr) glycotopc as a 
critical factor for Vicia villosa B4 and glycoprotein interactions. FEBS Lett 562: 
51-58. doi:10.1016/S0014-5793(04)00180-2. 

11. Kerr MA (1990) The structure and function of human IgA. BiochemJ271: 285- 
296. 

12. Matsuda A, Kuno A, Kawamoto T, Matsuzaki H, Irimura T, et al. (2010) 
Wisteria lloribunda agglutinin-positive mucin 1 is a sensitive biliary marker for 
human cholangiocarcinoma. Hcpatology 52: 174-182. doi:10.1002/hep. 23654. 

13. Kuno A, Kato Y, Matsuda A, Kaneko MK, Ito H, ct al. (2009) Focused 
differential glycan analysis with the platform antibody-assisted lectin profiling for 
glycan-related biomarker verification. Mol Cell Proteomics 8: 99-108. 
doi: 1 0. 1 074/mcp.M800308-MCP200. 

14. Kuno A, Ikchara Y, Tanaka Y, Ito K, Matsuda A, ct al. (2013) A scrum "sweet- 
doughnut" protein facilitates fibrosis evaluation and therapy assessment in 
patients with viral hepatitis. Sci Rep 3: 1065. doi:10.1038/srep01065. 

15. Narimatsu Y, Kubota T, Furukawa S, Morii H, Narimatsu H, et al. (2010) Effect 
of glycosylation on cis/trans isomerization of prolines in IgAl-hingc peptide. 
J Am Chcm Soc 132: 5548-5549. doi:10.1021/ja9106429. 

16. Mattu TS, Plcass RJ, Willis AC, Kilian M, Wormald MR, et al. (1998) The 
glycosylation and structure of human serum IgAl, Fab, and Fc regions and the 
role of N-glycosylation on Fc alpha receptor interactions. J Biol Chem 273: 
2260-2272. 

17. Kuno A, Uchiyama N, Koscki-Kuno S, Ebe Y, Takashima S, ct al. (2005) 
Evanescent-field fluorescence-assisted lectin microarray: a new strategy for 
glycan profiling. Nat Methods 2: 851-856. doi:10.1038/nmeth803. 



PLOS ONE | www.plosone.org 



8 



March 2014 | Volume 9 | Issue 3 | e91079 



Aberrant N-Glycosylation on Serum lgA1 in IgAN 



18. Ikehara Y, Sato T, Niwa T, Nakamura S, Gotoh M, ct al. (2006) Apical Golgi 
localization of N,N'-diacctyllactoscdiamine synthase, bcta4GalNAc-T3, is 
responsible for LacdiNAc expression on gastric mucosa. Glycobiology 16: 
777-785. doi:10.1093/glycob/cwl005. 

19. Oyclaran O, Li Q Farnsworth D, Gildcrslccve JC (2009) Microarrays with 
varying carbohydrate density reveal distinct subpopulations of serum antibodies. 
J Proteome Res 8: 3529-3538. doi:10.1021/pr9002245. 

20. Wu AM, Wu JH, Herp A, Liu J-H (2003) Effect of polyvalencics of glycotopes on 
the binding of a lectin from the edible mushroom, Agarieus bisporus. Biochcm J 
371: 311-320. doi:10.1042/BJ20021361. 

21. Andrcotti AH, Kahne D (1993) The effects of glycosylation on peptide backbone 
conformation. J Am Chcm Soc 115: 3352-3353. doi:10.1021/ja00061a053. 

22. Gcrken TA, Butenhof KJ, Shogren R (1989) Effects of glycosylation on the 
conformation and dynamics of O-linked glycoproteins: carbon- 13 NMR studies 
of ovine submaxillary mucin. Biochemistry 28: 5536-5543. 

23. Glozman R, Okiyoneda T, MulvihiU CM, Rini JM, Barncrc H, ct al. (2009) N- 
glycans arc direct determinants of CFTR folding and stability in secretory and 
endocytic membrane traffic. J Cell Biol 184: 847-862. doi:10.1083/ 
jcb.200808124. 

24. Wang C, Eufemi M, Turano C, Giartosio A (1996) Influence of the 
carbohydrate moiety on the stability of glycoproteins. Biochemistry 35: 7299- 
7307. doi:10.1021/bi9517704. 

25. Wyss DF, Choi JS, Li J, Knoppcrs MH, Willis KJ, ct al. (1995) Conformation 
and function of the N-linked glyean in the adhesion domain of human CD2. 
Science 269: 1273-1278. 

26. Davis JT, Hirani S, Bartlctt C, Rcid BR (1994) 1H NMR studies on an Asn- 
linkcd glycopeptidc. GlcNAc-1 C2-N2 bond is rigid in H20. J Biol Chcm 269: 
3331-3338. 

27. Impcriali B, Hcndrickson TL (1995) Asparagine-linked glycosylation: specificity 
and function of oligosaccharyl transferase. Bioorg Med Chem 3: 1565—1578. 

28. Wormald MR, Wooten EW, Bazzo R, Edge CJ, Feinstein A, et al. (1991) The 
conformational effects of N-glycosylation on the tailpiece from serum IgM. 
EurJ Biochcm 198: 131-139. 

29. Chen MM, Bardett Al, Nercnbcrg PS, Fricl CT, Hackenberger CPR, ct al. 
(2010) Perturbing the folding energy landscape of the bacterial immunity protein 
Im7 by site-specific N-linkcd glycosylation. Proc Natl Acad Sci USA 107: 
22528-22533. doi:10.1073/pnas.l015356107. 

30. Elliott S, Chang D, Dclormc E, Eris T, Lorenzini T (2004) Structural 
requirements for additional N-linked carbohydrate on recombinant human 
erythropoietin. J Biol Chem 279: 16854-16862. doi:10.1074/jbc.M31 1095200. 

31. Price JL, Shcntal-Bcchor D, Dhar A, Turner MJ, Powers ET, ct al. (2010) 
Context-dependent effects of asparaginc glycosylation on Pin WW folding 



kinetics and thermodynamics. J Am Chcm Soc 132: 15359-15367. doi:10.1021/ 
jal06896t. 

32. Chuang PD, Morrison SL (1997) Elimination of N-linkcd glycosylation sites 
from the human IgAl constant region: effects on structure and function. 
J Immunol 158: 724-732. 

33. Sox HC, Hood L (1970) Attachment of carbohydrate to the variable region of 
myeloma immunoglobulin light chains. Proc Natl Acad Sci USA 66: 975-982. 

34. Lcibiger H, Wustner D, Stigler RD, Marx U (1999) Variable domain-linked 
oligosaccharides of a human monoclonal IgG: structure and influence on antigen 
binding. BiochemJ 338: 529-538. 

35. Omtvcdt LA, Husby G, Cornwell GG, Kyle RA, Sletten K (1997) The amino 
acid sequence of the glycosylated amyloid immunoglobulin light chain protein 
AL MS. ScandJ Immunol 45: 551-556. 

36. Omtvedt LA, Bailey D, Renouf D V, Davies MJ, Paramonov NA, et al. (2000) 
Glycosylation of immunoglobulin light chains associated with amyloidosis. 
Amyloid 7: 227-244. 

37. Hashimoto R, Toda T, Tsutsumi H, Ohta M, Mori M (2007) Abnormal N- 
glycosylation of the immunoglobulin G kappa chain in a multiple myeloma 
patient with crystalglobulincmia: case report. Int J Hematol 85: 203-206. 
doi:10.1532/IJH97.06074. 

38. Royle L, Roos A, Harvey DJ, Wormald MR, van Gijlswijk-Jansscn D, ct al. 
(2003) Secretory IgA N- and O-glycans provide a link between the innate and 
adaptive immune systems. J Biol Chcm 278: 20140-20153. dof.10.1074/ 
jbc.M301436200. 

39. Yoo EM, Morrison SL (2005) IgA: an immune glycoprotein. Clin Immunol 1 16: 
3-10. doi:10.1016/j.clim.2005. 03.010. 

40. Monteiro RC, Halbwachs-Mecarclli L, Roquc-Barreira MC, Noel LH, Bergcr J, 
et al. (1985) Charge and size of mesangial IgA in IgA nephropathy. Kidney Int 
28:666-671. 

41. Tomino Y, Sakai H, Miura M, Endoh M, Nomoto Y (1982) Detection of 
polymeric IgA in glomeruli from patients with IgA nephropathy. Clin Exp 
Immunol 49: 419-425. 

42. Boumcdicne A, Oblct C, Oruc Z, Duchcz S, Morcllc W, ct al. (2011) 
Gammopathy with IgA mesangial deposition provides a monoclonal model of 
IgA nephritogenicity and offers new insights into its molecular mechanisms. 
Nephrol Dial Transplant 26: 3930-3937. doi:10.1093/ndt/gff 131. 

43. Amorc A, Cirina P, Conti G, Brusa P, Peruzzi L, ct al. (2001) Glycosylation of 
circulating IgA in patients with IgA nephropathy modulates proliferation and 
apoptosis of mesangial cells. J Am Soc Nephrol 12: 1862-1871. 

44. Nishic T, Miyaishi O, Azuma H, Kameyama A, Narusc C, ct al. (2007) 
Development of IgA nephropathy-like disease with high scrum IgA levels and 
increased proportion of polymeric IgA in Beta- 1 ,4-galactosyltransferasc-deficicnt 
mice. Contrib Nephrol 157: 125-128. dof.10.1 159/0000102453. 



PLOS ONE | www.plosone.org 



9 



March 2014 | Volume 9 | Issue 3 | e91079 



